Abstract. Based on magnetic data, spatial distribution of the westward ring current flowing at |z|<3 R E has been found under five levels of D st , five levels of the interplanetary magnetic field (IMF) z component, and five levels of the solar wind dynamic pressure P sw . The maximum of the current is located near midnight at distances 5 to 7 R E . The magnitude of the nightside and dayside parts of the westward current at distances from 4 to 9 R E can be approximated as I night =1.75−0.041 D st , I noon =0.22−0.013 D st , where the current is in MA. The relation of the nightside current to the solar wind parameters can be expressed as I night =1.45−0.20 B s IMF+0.32 P sw , where B s IMF is the IMF southward component. The dayside ring current poorly correlates with the solar wind parameters.
Introduction
The ring electric current flows in the stable trapping region at distances of less than 10 R E (R E is the Earth's radius). The ring current is carried predominantly by protons with energy of 10-100 keV. During strong magnetic storms the ions of O + also contribute to the ring current .
Strong azimuthal asymmetry of the ring current was found by Iijima et al. (1990) from magnetic measurements on board AMPTE CCE for a prolonged disturbed period (2<K p <6, −20> D st >−70). The current at distance from 4 to 8.8 R E in the nightside appeared to be 2-3 times greater than in the dayside.
There are a lot of case studies of energetic particles in the ring current region (Frank, 1967; Smith and Hoffman, 1973; Lui et al., 1987; Hamilton et al., 1988; Spence et al., 1989; Korth and Friedel, 1997; Kalegaev et al., 1998; Dremukhina et al., 1999) . Statistical studies are not so numerous. Lui and Hamilton (1992) obtained plasma pressure radial proCorrespondence to: Y. P. Maltsev (maltsev@pgi.kolasc.net.ru) files from L=2 to L=9 at noon and at midnight for quiet conditions. De Michelis et al. (1999) , using AMPTE CCE data, have built energetic plasma profiles in four LT sectors for two AE ranges. The profiles appeared to be independent either of LT or AE. The ring current calculated from the formula
appeared to be several times stronger at midnight than at noon. Greenspan and Hamilton (2000) utilized the particle measurements during 80 storms for checking the Dessler-ParkerSckopke (DPS) formula, which relates the total energy content of the trapped particles to geomagnetic storm time depression D st . In the nightside the energy content at distances 2<L<7 appeared to agree well with the DPS formula, whereas in the daytime sector no essential correlation was revealed between the D st variation and energy content. Turner et al. (2001) , in verifying the DPS formula by Polar satellite data, found that under weak storm activity trapped particles contribute ∼75% to D st . Under D st =−100 nT the contribution of particles in the dayside drops down to 40%.
In this paper we study the ring current from magnetic data. Both symmetrical and azimuthally asymmetric ring current components will be examined as functions of D st and solar wind parameters. Our results will be compared with the predictions of the models T96 (Tsyganenko, 1996) and T02 (Tsyganenko, 2002a, b) .
Data processing technique
The database of Fairfield et al. (1994) contains about 70 000 three-component external magnetic field measurements performed by 11 satellites at distances from 3 to 60 R E for 20 years. For all data points D st values are available. For about 60% of data points there are hourly values of solar wind parameters. We divided the whole data set into five ranges: first relative to D st values, then relative to B z IMF values, finally relative to solar wind dynamic pressure P sw =m n V 2 , where m, n, and V are the proton mass, number density, and velocity, respectively. The parameters of the subsets, as well as the number of magnetic data in each subset, are given in Table 1 for the body of data confined in the disk of ρ<10 R E , |z|<4 R E , where the coordinates are in the SM system; ρ=(x 2 + y 2 ) 1/2 is the cylindrical distance. The surface electric current density inside the nearequatorial layer was calculated for each subset as
The integration contour was adopted to be a rectangle with the vertical side of −z 0 <z<z 0 , where z 0 =3 R E and horizontal side of 1 R E . We used the horizontal magnetic components B ρ and B ϕ in the layers 2<|z|<4 R E and vertical component B z in the layer −3<z<3 R E . Each of the three components was sought in the following form
where ϕ is the longitude. The coefficients f 0 , f 1 , and f 2 were fitted by the least-squares technique inside the radial bins ρ=1 R E . The relative residual error RES was calculated from the formula
where B obs n and B mod n are the observed and model fields in the nth observation point, N is the total number of observations. The fitting error RES in different subsets shown in Table 1 varies from ∼20 to ∼40%. The total RES for the five D st subsets is 24% in the disks of ρ<10 R E , 2<|z|<4 R E , when estimated by B ρ and B z magnetic components solely used for calculating the azimuthal current. The T02 model yields RES=28% under the same conditions.
Previously we processed the data with a more straightforward technique, with the external magnetic field being running averaged in bins with horizontal sizes of 3 R E and vertical sizes of 2 R E (Ostapenko and Maltsev, 2003) . That approach yielded similar results but with larger scattering.
Distribution of azimuthal currents in the magnetosphere
Distribution of the azimuthal current for five ranges of D st values, five ranges of B z IMF, and five ranges of P sw is shown in Fig. 1 . The currents at ρ>10 R E are also shown; they are not very reliable though, because the SM coordinate system is hardly appropriate for these distances. One can see that the currents grow with enhancement of storm time activity, southward IMF, and solar wind dynamic pressure. Strong day-night asymmetry is evident, the nightside current density being several times greater than the dayside one. The dawndusk asymmetry is rather weak and does not increase with growing activity. Figure 2 shows the radial distribution of the azimuthal current surface density for four local times. The westward current dominates almost everywhere. Its radial profile has maximum at L≈-7. There is no pronounced dependence of maximum location either on LT or geomagnetic activity. An eastward current is seen only in the dayside at L=3 under low activity. Figure 3 shows the total westward current flowing between radial distances of 4 and 9 R E at four local times. One can see the growth of the nightside ring current I night with the D st , southward IMF, and P sw . A weaker relation of the dayside current on these parameters takes place, the dependence on B s IMF and P sw turned out to be inverse. The distributions in Fig. 3 are consistent with the following approximations
I night = 1.60 + 0.37 P sw ,
where I night is expressed in MA, P sw in nPa, and D st and B s IMF in nT. Here B s IMF is the IMF southward component (B s =0 for B z >0 and B s =B z for B z <0). The residual error of the fitting is 2% for Eqs. (4)- (7) and 35% for Eq. (8).
Since there is a correlation between B s IMF modulus and P sw , each of expressions (5)- (8) contains a dependence not on a single parameter but on both B s IMF and P sw . In order to avoid the effect of this correlation, we found the distribution of the azimuthal current in five B z IMF ranges under P sw varying in the narrow range of 1<P sw <2 nPa, and, oppositely in five P sw ranges under B z >0. The latter condition implies that the northward IMF is not geoefficient. For these cases the total current in four LT sectors is shown in Fig. 4 . The following approximations are appropriate
The ten subsets utilized in obtaining expressions (9)- (12) can be considered as nearly independent, which yields a possibility to obtain the following bivariate approximation function for the nightside current
The relative residual error of the fitting is 3%. We do not give the corresponding approximation for the dayside current because the error of fitting appeared to be very large, more than 60%.
One can see from expressions (3) and (13) that the relative role of the solar wind pressure and storm intensity in the nightside ring current is comparable. The standard deviations of P sw , B s IMF, and D st shown in Table 1 are equal to 2.1 nPa, 1.4 nT, and 17 nT, respectively. A change of one of these parameters by a value of its standard deviation gives rise to the variation in I night , which is ∼0.7 MA for both P sw and D st , and ∼0.3 MA for B s IMF.
In the dayside the ring current is several times weaker and reveals rather a small dependence on D st , B z IMF, and P sw . Under disturbed conditions and high P sw , the dayside magnetopause moves closer to the Earth. Our statistical analysis can include magnetic field measurements in the magnetosheath. This may account for part of the poor correlation between the noon current and the parameters P sw , D st and B s . Nevertheless, as seen from Fig. 2 , the current density at all geocentric distances in the dayside is several times lower than that in the nightside. 
Discussion
Our results are consistent with those of Iijima et al. (1990) and De Michelis et al. (1999) , who obtained the dayside ring current several times smaller than the nightside one. According to our Fig. 3 , the noon current weakly depends on D st and does not reveal any pronounced correlation with either B z IMF or solar wind dynamic pressureP sw .
Earlier, Greenspan and Hamilton (2000) found no essential correlation between D st and the total plasma energy content in the dayside sector. On the other hand, Turner et al. (2001) obtained that the dayside particles contribute ∼75% to D st under D st =0 and ∼40% under D st =−100 nT. However, the orbit of the Polar satellite, whose data they processed, was placed at ∼90 • to the equatorial plane, so that the satellite detected a minor fraction of trapped particles, namely, those whose pitch-angles were sufficiently small at the equator.
We conclude that the ring current near the noon can be considered as a symmetrical ring current (SRC). The nightside current at distances from 4 to 9 R E consists of three parts: 1) the SRC closed in the near-equatorial inner magnetosphere, 2) partial ring current (PRC) closed to the Region 2 field-aligned currents revealed by Iijima and Potemra (1976) , and 3) cross-tail current (CTC) closed to the currents on the magnetopause. Figure 3 shows that the SRC is smaller than the sum of the PRC and CTC. Our study does not allow for distinguishing between the PRC and CTC.
Let us estimate the contribution of these currents to D st . A symmetrical ring current of 1 MA magnitude flowing at a distance of 6 R E produces the disturbance B rc z (0)≈−16 nT in the Earth's center. The corresponding ground magnetic effect is DR=k B rc z (0)≈−21 nT, where k≈1.3 is due to induction currents in the Earth (Langel and Estes, 1985; Häkkinen et al., 2002) . Note that the noon current presents a purely symmetrical part of the ring current, without contribution of the partial ring and cross-tail currents. Multiplying Eq. (4) by −21 we obtain the ground magnetic effect of the symmetrical ring current
Thus, the contribution of the symmetrical ring current to D st is 27%. This value is intermediate between the estimates of Greenspan and Hamilton (2000) and Turner et al. (2001) .
Subtracting Eq. (4) from Eq. (3) we can obtain the sum of the partial ring current (PRC) and near-Earth cross-tail current (NCT)
Suppose this current flows in the nightside sector from 18:00 to 06:00 LT at a distance of 6 R E . Each MA of the current produces the disturbance of −8 nT in the Earth's center or −8×1.3=10.4 nT on the ground surface at low latitudes. The corresponding dependence of the disturbance on D st has the form
Hence, the whole contribution of the partial ring and nearEarth cross-tail currents to D st is about 29%.
Strong dependence of the nightside current on the solar wind dynamic pressure P sw is consistent with observations of Terasawa et al. (1997) , who found that the plasma pressure in the plasma sheet is related to P sw . One can expect the growth of the cross-tail current with pressure increasing. In spite of the growth of the nightside currents, their ground effect is cancelled by increasing magnetopause currents, so that D st does not change practically.
The decrease of the dayside current with growing P sw seems rather uncommon (we shall see further that the T02 model predicts the same relation of I noon on P sw ). However, this peculiar result can be reasonably explained as follows. The electric current density in the equatorial plane in plasma with isotropic pressure p has the form
The magnetic field B in the dayside magnetosphere grows with the solar wind dynamic pressure P sw increasing. If the derivative ∂p/∂ρ grows at a smaller rate, then the current density drops. In the nightside at x<−4 R E the magnetic field in the equatorial plane decreases when P sw grows (Ostapenko and Maltsev, 1998) , thus leading to the current enhancement. Tsyganenko (1996) when developing the magnetic field model T96 used the same database as we did. However, the day-night asymmetry in that model is insignificant. It is so because of some unrealistic assumptions that the T96 is based on. In particular, only weak day-night asymmetry of the ring current was postulated. The latest model T02 by Tsyganenko (2002a, b) is more accurate in this respect. We have calculated the electric currents flowing in the nearequatorial (−3 R E <z<3 R E ) layer for these models. The result is shown in Fig. 5 for moderate activity: D st =−16 nT, P sw =3 nPa, B z IMF=0. Figure 6 shows the total electric current at distances from 4 to 9 R E for four local times following from the model T02. The curves have been calculated under geophysical conditions listed in Table 1 . Comparison with Fig. 3 shows that the model is quite adequate to observations, manifesting strong day-night asymmetry. Instead of Eqs. (3)- (8), we obtained the following approximations for the ring current: A comparison of these relations with Eqs. (3)- (8) shows their strong resemblance. The major difference is that the T02 model yields a contribution factor ∼1.5 greater of the symmetrical ring current to D st , as compared to expression (3). Thus, according to the T02 model, the contribution of the symmetrical ring current to D st is ∼40%. The discrepancy between our results and those of T02 can be due to the fact that Tsyganenko (2002a) made some hypotheses concerning a possible geometry of the electric currents in the magnetosphere. As a result, the dayside current in the T02 can be overestimated, as was the case in T96. Comparatively large residual error RES=28% indicates that the approximation given by the T02 in the disks of ρ<10 R E , 2<|z|<4 R E is not quite accurate. Our approximation is somewhat better. When dividing the whole data set into five D st ranges, we get RES=24%.
As seen from Fig. 1 , the azimuthal electric current is rather symmetrical in the dawn-dusk direction, with no tendency for the dawn-dusk asymmetry to grow with growing activity. In contrast, a strong dawn-dusk asymmetry with an intense duskside partial ring current was obtained by Tsyganenko et al. (2003) for 37 major magnetic storms (−65≥D st min ≥318 nT). It is difficult to say whether this result follows directly from the measurements or the model infers the duskside location of the partial ring current a priori.
Conclusions
Magnetic data processing in the near-equatorial (−3 R E <z<3 R E ) layer shows that the longitudinal distribution of the westward electric current flowing in the inner magnetosphere (at radial distances from 4 to 9 R E ) is quite asymmetric in the day-night direction, with the nightside current intensity being several times larger than the dayside one. It is the solar wind dynamic pressure and D st that mostly control the nightside ring current intensity. The dawn-dusk asymmetry is rather weak. The radial distribution is not very sensitive to either geomagnetic activity or solar wind parameters, with the current maximum located at 5−7 R E . The dayside current can be considered as the symmetrical ring current. Its contribution to D st is estimated as 27%. The contribution of the partial ring current, together with the nearest part of the cross-tail current flowing at distances <9 R E , is ∼29%.
